We have investigated the effects of local structures on the orientational motions in liquid water in terms of the instantaneous normal mode ͑INM͒ analysis. The local structures of a molecule in liquid water are characterized by two different kinds of index: the asphericity parameter of its Voronoi polyhedron and the numbers of the H bonds donated and accepted by the molecule. According to the two kinds of index, the molecules in the simulated water are classified into subensembles, for which the rotational contributions to the INM spectrum are calculated. Our results indicate that by increasing the asphericity, the rotational contribution has a shift toward the high-frequency end in the real spectrum and a decrease in the fraction of the imaginary modes. Furthermore, we find that this shift essentially relies on the number of the donated H bonds of a molecule, but has almost nothing to do with that of the accepted H bonds. The local structural effects resulting from the geometry of water molecule are also discussed.
I. INTRODUCTION
Water plays an important role in life processes, industrial applications, and scientific researches, for its abundance and many unusual physical and chemical properties, which are mainly dominated by its hydrogen ͑H͒ bonding. 1 The H bonds in water form a network, which is complicated in both static structure and dynamics. In the static structure of ice, each molecule is ideally connected through H bonds with four nearest neighbors to form a network of tetrahedrons; however, in liquid water deviations from the ideal tetrahedron result from distortion due to thermal motions and connection with less than four neighbors. 2 The global pattern of the network has been described by various random models, from the two-state network model 3, 4 for the heterogeneity in density to a system of H-bond percolation. [5] [6] [7] In dynamics, due to thermal fluctuation and diffusion of molecules, each H bond in water may break and re-form; the breaking and reforming processes generally follow a nonexponential kinetics. 8 The H-bonded pattern changes in time with the rearrangement of the H-bond connections. In general, water dynamics is influenced by the complex H-bonded network; especially, at the time scale studied by the ultrafast spectroscopy, the dynamics at a molecular level is dominated by the local geometry of the network.
Recently, in terms of the pump-probe technique in a femtosecond experiment for HDO molecules dissolved in liquid D 2 O, 9 the orientational dynamics of molecules in liquid water has been investigated through the subensemble of the HDO molecules selected by the pump pulse with frequencies being in a small region in the absorption spectrum of the OH stretch vibration. Due to the sensitivity of the OH stretch vibration on the length of the H bond attaching to the H atom, it is generally believed that the HDO molecules selected by a low-frequency pulse tend to have the OH¯O hydrogen bonds in shorter length and those selected by a high-frequency pulse tend to have the hydrogen bonds in longer length. 10, 11 The experimental results show that the orientational relaxation of water molecules depends on the pump frequency: a single slow relaxation process was observed for a low-frequency pulse and two relaxation processes, with a fast rate constant less than 1 ps, for a highfrequency pulse. This gives an indication that at the short time scale the orientational motion of a molecule in liquid water is sensitive to the H-bond connection of the molecule at the initial.
On the other hand, via molecular dynamics ͑MD͒ simulations, Yeh and Mou 12 have studied the roles of local structures in the relaxation of orientational dynamics in liquid water by classifying the simulated molecules into subensembles of which the local structures are characterized by the asphericity parameter of the Voronoi polyhedra ͑VP͒ constructed for the oxygen atoms. 13 For molecules with strongly aspherical VP, their local structures are basically tetrahedral, and their orientational motions, studied by the rotational autocorrelation functions, exhibit only one slow relaxation rate. However, as the VP are more spherical, with their asphericities in the low-value end of the asphericity distribution of the system, the local structures are highly deviated from the tetrahedral structures, and a fast orientational relaxation with time constant Ϸ1 ps was found. Therefore, the results of both experiment and simulation apparently indicate that the local a͒ Present address: Department of Computer Science and Information Engineering, National Peng-Hu Institute of Technology, Peng-Hu, Taiwan.
b͒ Author to whom correspondence should be addressed. Electronic mail: tmw@faculty.nctu.edu.tw structures have strong effects on the orientational motions in liquid water at a short time scale.
On the theory side, the short-time dynamics of a liquid can be exactly described by the instantaneous normal mode ͑INM͒ approach, in which the potential energy surface is harmonically approximated. 14, 15 The INMs of a configuration are the eigenmodes of the corresponding Hessian matrix, the second derivatives of the potential energy, 16, 17 and the INM density of states ͑DOS͒ is obtained by an ensemble average of configurations. One advantage of the INM approach is that the total DOS of the INMs can be separated into branches characterized with different motions by the projection operators, which are determined by the eigenvector components of the Hessian matrix. 18 For example, the total INM DOS of a molecular liquid can be separated into branches dominated by either the translational or the rotational motions of molecules. So far, in terms of the INM approach, there have been many reports on the dynamics of normal and supercooled liquid water [19] [20] [21] [22] [23] [24] [25] and other H-bonded liquids. 26 -28 Among them, the formalism of projection operator gives fruitful results; however, most studies focus on the contributions due to the translational motions or the vibrations between molecules. In this paper, we generalize the INM projection formalism in another direction for the molecular subensembles of a liquid, in which the molecules are characterized by their local structures. With the generalized projection operators, we investigate the effects of the local structures on the short-time orientational motions in liquid water.
In order to analyze the local structures of the H-bonded pattern, we make two classifications for all molecules in liquid water according to ͑a͒ the asphericity of the VP, and ͑b͒ the H-bond configuration of a water molecule, which is defined as the numbers of the H bonds donated and accepted by the molecule. 29 The paper is organized as follows: In Sec. II, the two different sets of molecular subensembles are specified with their local structures and described by other characters; the interrelationship between the two sets is also presented. In Sec. III, the INM approach for water model of rigid molecules is briefly summarized. The generalized projection operators and the corresponding INM DOS for molecular subensembles are given. In Sec. IV, based on the projection method, the results of the INM analysis for the orientational motions in liquid water are presented, and the effects of the local structures are discussed. In Sec. V, we give our conclusions.
II. SUBENSEMBLES OF LOCAL STRUCTURE
We have simulated 256 SPC/E water molecules 30 in a cubic box with periodic boundary conditions at density ϭ1.0 g cm Ϫ3 and temperature Tϭ300 K. The LennardJones potential between two oxygens was truncated at half the box length and shifted upward to make the potential and its first derivative continuous at the cutoff. The Coulomb interactions were treated by the Ewald summation. In our simulations, the leap-frog algorithm was used with a time step of 1 fs, and the SHAKE algorithm was also employed to ensure the rigidity of the molecules. 31 After 300 000 time steps from an initial lattice configuration, we started to take data for 100 configurations at every 1000 steps. We take the energetic definition for a H bond. 5 That is, two molecules are considered to connect with a H bond as the energy between them is less than a cutoff E HB , which is set to be Ϫ12 kJ mol Ϫ1 in this work. The length r of the H bond is measured as the distance between the H atom of a molecule and the oxygen of the other. With this H-bond definition, the H-bond lengths in our simulated water systems are found to be within a range between 1.45 Å and 3.0 Å. For the OH¯O angle, the portion of the angle distribution is roughly 70% for the angles larger than c ϭ155°, and reaches 80% as c is released to 150°. Therefore, with this energetic definition, the geometry distributions of the H bonds in our simulated system are not much different from those obtained with another definition. 28 In the following, based on the local structures, we present two sets of molecular subensemble according to ͑a͒ the geometry of the VP and ͑b͒ the H-bond configuration of a molecule.
A. Voronoi polyhedra analysis
Through computer simulations, the VP analysis has been widely used for liquid water. 13, 32, 33 For a particle in a topologically disordered structure, the geometry of the Voronoi polyhedron, which is a generalization of the Wigner-Seitz unit cell in a crystal, characterizes the arrangement of the nearest neighbors of the particle. A dimensionless parameter to measure the geometry of a Voronoi polyhedron is the asphericity parameter, 13 which is defined as
where A and V are the total surface area and volume of the polyhedron, respectively. By this definition, ϭ1 for a sphere. As increases, the geometry of the polyhedron becomes more aspherical. For the ice I h structure, in which most molecules are in the tetrahedral arrangement, is equal to 2.25.
We have performed the VP analysis for the oxygens in our simulated water, and the asphericity distribution of the VP has a shape similar as the one of the TIP4P water model at the same temperature. 12 By dividing the whole distribution into four adjacent sections, with their ranges given in Table I , we separated the molecules of a configuration into four groups, indexed as Voronoi group ͑VG͒ I to IV with increasing asphericity. Most of the molecules are in VG II and III, and VG I and IV contain only few percentages. To examine the local structures of the molecules in each VG, we present in Fig. 1͑a͒ the oxygen-oxygen radial distribution functions, g oo (r), of the four VGs. The isosbestic points of the four distributions are similar to those obtained from other water models ͓TIP4P and SPC ͑Ref. 32͔͒. We also calculated the length distributions of the H bonds attaching to the molecules in each VG, and the results, shown in Fig. 1͑b͒ , clearly indicate that the distribution shifts toward shorter length as the asphericity increases. Similar to the TIP4P model, the strong first peak in the g oo (r) distribution func-tion of VG IV, and almost four nearest neighbors of each molecule, obtained by integrating g oo (r) up to the first minimum, suggest that in the first shell of the molecules in VG IV the tetrahedral arrangement is the most possible local structure. For VG I, the plateau region within the first minimum in g oo (r) and the longer H-bond length indicate that the molecules in VG I have more random local structures and are more weakly connected through H-bonds with their neighbors than molecules in the other three VG groups. Thus, from the VP analysis, a structural description for the twostate mixture model of liquid water has been proposed. 12 In this description, the local structures of liquid water are described as a mixture of randomly structured patches ͑VG I͒ and highly ordered regions ͑VG IV͒ immersing in a large pool of water molecules whose asphericites are intermediate between the two regions.
B. H-bond configurations
Though the VP analysis is a powerful tool for analyzing the local structures of liquid water, it will be helpful for understanding the dynamics of the H-bonded network if more information about the local connections of H bonds can be obtained. Here, we do another classification for molecules in liquid water by the H-bond configuration of a molecule. We employ, for example, the notation D2A1 to denote the H-bond configuration of a molecule donating two H bonds and accepting one. In our simulated systems, we found ten possible H-bond configurations whose averaged number fractions are listed in Table II . Both fractions of molecule with four H bonds and with three H bonds are roughly equal to 40%; our data are somewhat different from those given in Ref. 34 due to the difference in the definition of a H bond. For molecules with two H bonds, it is found that the D1A1 configuration has a much higher probability than the other two configurations, D2A0 and D0A2. Due to the distortion of the H-bonded network, molecules with five H bonds are found in a fraction about 4%, among which the probability for three accepted H bonds is larger than that for three donated H bonds.
Since the processes of breaking and making H bonds frequently occur in liquid water, each H-bond configuration survives with a certain lifetime. For a H-bond configuration, denoted by s, its lifetime can be estimated through the correlation function C s (t), which is defined as
where h s (t)ϭ1 if the molecule at time t is in the configuration s and h s (t)ϭ0 otherwise. Therefore, C s (t) is the probability that the molecule is in the H-bond configuration s, given that it was in the same configuration at tϭ0. The correlation functions of several H-bond configurations are shown in Fig. 2 . A general feature of these curves is that after a fast transient decay, the curve of C s (t) has a bump occurring roughly at 0.05 ps, and then follows by a slowly nonexponential decay. The bump, with different amplitude for different H bond configuration, is similar as those observed at the same time scale in the reactive flux correlation functions in the study of H-bond kinetics in liquid water, 8, 35 and its physical origin is attributed to the restoration of the H-bond configuration, which changed during the past transient period, to its initial one. The lifetime s of the configuration s is estimated to be the time where C s (t) reaches 0.5. Listed in Table II are the lifetimes of the ten possible configurations. Generally, the larger the average fraction of a H-bond configutration found in the system at an instant, the longer the FIG. 1. The oxygen-oxygen radial distribution functions ͑a͒ and the distributions of the H-bond length ͑b͒ for molecules in Voronoi group ͑VG͒ I to IV for liquid water at ϭ1.0 g cm Ϫ3 and Tϭ300 K. The solid, dot, dash, and dot-dash lines are for VG I, II, III, and IV, respectively. The unit of distance r is in Å. Each distribution in ͑b͒ is normalized to unity. lifetime of the configuration. The D2A2 configuration, which is the most stable H-bonded structure in liquid water, has the longest lifetime, which is estimated to be 150 fs and comparable in order with that given in the other report. 34 We have presented the results of two analyses for the local structures of liquid water with the same simulated configurations. It is interesting to examine the interrelationship between the VP and the H-bond-configuration analyses. Shown in Fig. 3 is the normalized distribution of the H-bond configuration for molecules in each VG. Several points are worth being noticed. First, for VG IV, the distribution is almost concentrated in the D2A2 configuration, and the probability to find molecules having H bonds less than three is very small. On the other hand, the distribution of VG I behaves quite differently: more spread among different H-bond configurations, with D1A1 being the most probable one. Second, the probability of finding a D2A2 molecule is found to increase with the increase of ͑the data are almost 70% molecules in VG IV, but only about 7.5% in VG I͒, However, the trend is reversed for the probability of finding a D1A1 molecule, with 32% molecules in VG I, and 3.5% in VG IV. These results are consistent with the information obtained from the g oo (r) radial distribution function.
III. INM FORMALISM FOR SUBENSEMBLES
The INM formalism for liquid water of rigid molecules has been given in some details in Ref. 19 . Here, we first give a brief summary of the theory and the projection method, and then make a generalization for subensembles of a system. ,z) is the moment of inertia along the principal axis of the molecule. ͕ jx , jy , jz ͖ are the angles of rotation around the direction of the corresponding principal axis of the molecule, which are assumed to be fixed at that instant, with their time derivatives giving exactly the relationship between the three angular velocities along the axes and the time rate of change of the three Euler angles of the molecular frame obtained from reference transformation. 36 In the mass-weighted coordinates z j , the Hessian matrix at a configuration R 0 is defined as
For an instantaneous configuration of
N rigid water molecules with each mass m, the mass-weighted coordinates of molecule j are defined as z j ϭͱmr j , for ϭ1, 2, 3, where r j is the center-of-mass position of molecule j, and z j ϭ͕ͱI x jx ,ͱI y jy ,ͱI z jz ͖ for ϭ4, 5, 6, where I ( ϭx,yD j,k ͑ R 0 ͒ϭ ͩ ‫ץ‬ 2 V ‫ץ‬z j ‫ץ‬z k ͪ R 0 .
͑3͒
If U(R 0 ) is the matrix that diagonalizes the Hessian matrix D(R 0 ) through an orthogonal transformation, the eigenvalues of the Hessian matrix are given as
Hence, ␣ is the frequency of the INM ␣, and U ␣, j is the corresponding eigenvector component in the direction of the mass-weighted coordinate z j . Since both ␣ and U ␣, j depend on configuration R 0 , the total INM DOS is obtained through an ensemble average over configurations, and is written as
FIG. 2. The time correlation function
where the angle brackets deonte the average. In principle, D() includes the contributions from the translational and rotational motions of all molecules. To separate out the two contributions, the projection operators are defined as
with ϭ1, 2, 3 for the center-of-mass motions and ϭ4, 5, 6 for the rotational motions. By virtue of the orthonormality of the INM eigenvectors, we have ͚ P ␣ ϭ1 and ͚ ␣ϭ1 6N P ␣ ϭN. Thus, the translational contribution to the total DOS is given by
and the contribution due to rotation around a molecular axis is
with ϭ4, 5, 6 corresponding to the x axis, y axis, and z axis, respectively. By summing over all molecules, the projection operator P ␣ defined in Eq. ͑1͒ is for all species of the system. In the preceding section, we have classified the molecules in the simulated configurations into subgroups according to either the asphericities of their VP or their H-bond configurations. By summing the molecules in each characterized subgroup, the projection operator for each subensemble may be defined. In formalism, this can be done by introducing the selection operators for each subensemble. For example, the selection operator ⍜ j (L) for molecule j in the subensemble of VG L, where L can be I, II, III, and IV, is given as
1 if the asphericity of molecule j is within the region of VG L 0 otherwise.
In terms of the selection operators, the subensemble projection operator of VG L is expressed as
Of course, we have the sum rule
To avoid the difference in the average number of molecules in each subensemble, we define the normalized rotational INM DOS for the subensemble of VG L as
is interpreted as the average contribution of a molecule in VG L to the rotational INM spectrum D ().
Therefore, we have
where L is the average number fraction of VG L and their values are given in Table I . Similarly, for the subensemble of the H-bond configuration s, the normalized rotational INM spectrum is defined as
is the corresponding projection operator, with the selection operator ⍜ j (s)ϭ1 if molecule j is in the configuration s and zero otherwise, and N s is the number of molecules in the H-bond configuration s at configuration R 0 .
IV. RESULTS AND DISCUSSIONS
In this section, we present the INM spectrum of liquid water and the various contributions from molecules in different subensembles, with our focus on the rotational contribution. We also compare the rotational contributions of the INM spectrum with the three Gaussian components in the librational region of the recently reported Raman spectrum of liquid water at Tϭ295 K and high pressure. 37 The body frame of a water molecule is shown in the inset of Fig. 4 , in which the x, y, and z axis have the A 2 , B 1 , and B 2 symmetry of a C 2v molecule, respectively. 38 With the assigned molecular frame and the SPC/E model, the moments of inertial of a water molecule along each of the three principal axes are I x ϭ2.216, I y ϭ0.984, and I z ϭ3.20ϫ10 Ϫ40 g cm 2 .
FIG. 4. The total INM DOS of liquid water and its translational and rotational contributions. The rotational contribution is further divided into components around each of the three inertial principal axes shown in the inset in which the center of mass is located at the origin, the oxygen is on the x axis, and the line joining the two hydrogens is parallel to the y axis.
The total INM DOS of liquid water and the translational and rotational contributions are presented in Fig. 4 . Compared with the results given in Ref. 19 in which the TIPS2 model was calculated, the total INM DOS calculated with the SPC/E model is similar in the spectrum shape, except for a larger fraction in the imaginary branch ͑about 12%͒. The projection method clearly shows that the low-frequency parts ͑roughly less than 300 cm Ϫ1 in the real branch and 200 cm Ϫ1 in the imaginary branch͒ are dominated by the translational motions. The physical origin of the strong peak near 70 cm
Ϫ1
in the real-frequency spectrum is attributed to the oxygenoxygen-oxygen bending motions; more details are given in Ref. 28 . The rotational contribution has been divided into components around each of the three inertial principal axes of a water molecule. For the real-frequency branch, the spectrum shape of the y axis is highly asymmetric and has a peak position near 830 cm Ϫ1 ; the peak position is the largest one among the three components since I y is the smallest one among the three moments of inertia. For the x and z axis, the real-frequency spectra can be fit by a Gaussian function
2 ͖ with the mean frequency 0x ϭ500 cm Ϫ1 and 0z ϭ530 cm Ϫ1 and the width x ϭ193 cm Ϫ1 and x ϭ164 cm Ϫ1 , respectively. Though I x and I z are different, the almost equivalence in the rotational spectrum for the two axes is explained by the compensation in the intermolecular interactions. 19 As compared with the three Gaussian components in Raman spectrum of liquid water with maxima at 430, 630, and 795 cm Ϫ1 , which are interpreted as the librations in the liquid phase corresponding to the rotations with the A 2 , B 2 , and B 1 symmetry of a water molecule in the gas phase, respectively, one can naturally find the correspondence between the INM rotational component of the y axis and the component with maximum at 795 cm Ϫ1 in the Raman spectrum; however, there is no clear correspondence between the two spectra for the other two components.
By further subdividing the rotational component of each molecular axis into the contributions from the four subensembles of VG, the normalized rotational INM spectrum of each subensemble is presented in Fig. 5 , from which some general features related to the local structures are clearly evidenced. For each molecular axis, as the asphericity of the Voronoi polyhedron increases, the mean frequency of the real-frequency spectrum shifts toward the high-frequency end, and the imaginary-mode fraction f (ϭx,y,z), which is the area under the normalized rotational INM spectrum in the imaginary branch, decreases. With the data given in Table  I for f of the four VG subensembles, we find that the relation f x Ͼ f y Ͼ f z is valid for all of the VG subensembles, with f y being much closer to f x for VG III and IV but to f z for VG I. The differences among f x , f y , and f z indicate that the rotational motions of molecules in liquid water are anisotropic in the short-time scale, as other analysis has pointed out. 39 The order of the three quantities is generally determined by two factors: the symmetry of the molecular axis and the local structures of a water molecule. For a single molecule, the x axis is a twofold axis of symmetry under rotation. That is, rotating a molecule alone by 180°about this axis produces the same configuration, so that the potential energy associated with the single-molecule rotations around this axis is double degenerated. Therefore, f x is expected to be larger than f y and f z . However, the symmetry of the axis can be destroyed by the local structure of a molecule, especially by the H-bond configuration, which is discussed in the following paragraph.
More interesting information can be obtained from the normalized rotational INM spectra for the subensembles of different H-bond configurations. The results for the molecular x axis, which is along the direction of dipole moment, are presented in Fig. 6 . The important information from Fig. 6 is that the rotational INM spectrum essentially depends on the number of the donated H bonds of a molecule, but has almost nothing to do with that of the accepted H bonds; similar results are also observed in the spectra of the other two molecular axes. This can be realized as that by exerting relatively smaller torques due to the closeness in position between the center of mass and the oxygen of a water molecule, the accepted H bonds of a molecule play only a minor role in governing the instantaneous rotations of the molecule and, therefore, give no apparent effects on the rotational INM spectrum. On the other hand, the variation of the rotational INM spectrum with increasing the number of the donated H bonds behaves similarly as the change of the spectrum with the increase in the asphericity of Voronoi polyhedron mentioned above. Therefore, the results shown in Fig. 6 reflect the structural analyses given in Sec. II: the larger the asphericity of the Voronoi polyhedron of a molecule, the higher the probability for the molecule having two donated H bonds ͑roughly 80% for VG IV, 70% for VG III, 50% for VG II, and 20% for VG I͒. In a recent study of HDO rotations in liquid HDO/D 2 O solution, a coupling between HDO rotations and the motions of the OH¯O hydrogen bond, which is a donated one to HDO, has been indicated. 40 Thus, the coupling between molecular rotations and the motions of the donated H bonds in liquid water is considered as the root cause for the shift of the INM spectrum with the number of the donated H bonds.
For the results given above in regard to the rotational INM spectrum, we give an interpretation from the point of view of potential energy surface. 25, 41, 42 Generally speaking, the instantaneously rotational motions of the molecules with strongly aspherical local structures are hindered by the H bond connection with their neighbors, so that the profiles of the potential energy surface along most of the rotational degrees of freedom of these molecules are considered to be deep wells with large and positive local curvatures, which cause a large mean value and a rareness in the imaginary modes in the contributed rotational INM spectrum. On the other hand, for species whose local structures are more spherical, the weak connection in H bonds with their neighbors allows the molecules to make either hindered rotations with larger amplitudes or even a rotational diffusion, so that the corresponding profiles are shallower wells or energy barriers for some degrees of freedom, which cause a smaller mean value of the contributed rotational spectrum and a larger fraction of the imaginary modes.
V. CONCLUSION
In this paper, we have investigated the effects of local structure on the contribution of rotational motions to the INM spectrum of liquid water. We characterize the local structures of liquid water by two different kinds of index: the asphericity parameter of Voronoi polyhedron constructed for the oxygen atoms, and the H bond configuration, which is defined as the numbers of the H bonds donated and accepted by a molecule. There is an interrelationship between these two kinds of structural classifications for liquid water. The local structures with high asphericities are more tetrahedrallike, and the corresponding molecules are, generally, connected by two donated and two accepted H bonds. On the other hand, molecules with local structures of low asphericities are diversified in the H-bond configuration, with the configuration of one donated and one accepted H bonds being the most probable one ͑only about 30%͒.
According to the indices of local structures, we divide the simulated water molecules into subensembles in two different ways. In one way, by dividing the whole asphericity distribution of the system into four adjacent sections, the molecules are separated into four corresponding subensembles; in the other way, the molecules of the same H-bond configuration are grouped together. In terms of the projection approach, we have separated the rotational contributions around each of the three inertial principal axes into components due to different subensembles. By examining the variations of these rotational components with the asphericity and with the H-bond configuration, we have shown that in liquid water the local structures of the H-bonded network indeed have strong effects on the rotational INM spectrum, which describes exactly the short-time rotational motions.
For all of the three principal axes of water molecule, an increase of the asphericity results in an overall shift of the rotational INM spectrum, indicated by an increase in the mean frequency of the real-frequency branch and a decrease in the fraction of the imaginary modes. Furthermore, we find that it is the number of the donated H bonds of a molecule, rather than that of the accepted H bonds, that is a crucial factor to determine the amount of the shift. Thus, for a molecule in liquid water, within the lifetime of its H-bond configuration, which may be a few femtoseconds or more than a hundred, the H-bond configuration, determined by a few nearest neighbors of the molecule, plays a dominant role in the orientational motions of the molecule at a molecular level, while the effects of other neighboring molecules are expected to come in beyond the lifetime.
For the potential energy surface of liquid water, the profiles along the rotational degrees of freedom of those molecules with highly aspherical local structures are extremely stable so that the associated orientational motions of these molecules are much hindered and more like a librational one. On the contrary, making an essential contribution to the FIG. 6 . The normalized rotational INM spectrum of the molecular x axis for each H-bond configuration. The three panels are classified for configurations with two ͑a͒, one ͑b͒, and zero ͑c͒ donated H-bonds. In each panel, the solid, dot, and dash lines are for configurations with two, one, and zero accepted H bonds, respectively.
imaginary INMs through rotations, the molecules with local structures at the low-value end of the asphericity distribution are expected to rotationally diffuse much easier than the molecules at the high-value end of the distribution. Our data also show that no matter what the local structures are, the rotational motions around the dipole moment of a water molecule contribute more to the imaginary INMs than the rotations around any of the other two molecular axes; this is possibly due to the twofold symmetry under rotation around the dipole moment. Therefore, this result suggests a higher probability for rotational diffusion around the dipole moment of a water molecule.
In terms of the projection approach of the INM formalism, we have explored the local structural effects on the orientational motions in liquid water along the three inertial principal axes. More interesting information is expected by extending the exploration to the orientational motions around an OH bond of a water molecule, and the exploration is underway.
